The concept of below-threshold and above-threshold current injection efficiency of quantum well ͑QW͒ lasers is clarified. The analysis presented here is applied to the current injection efficiency of 1200 nm emitting InGaAs and 1300 nm emitting InGaAsN QW lasers. The role of heavy-hole leakage in the InGaAsN QW lasers is shown to be significant in determining the device temperature sensitivity. The current injection efficiency of QW lasers with large monomolecular recombination processes is shown to be less temperature sensitive. Excellent agreement between theory and experiment is obtained for both the 1200 nm emitting InGaAs QW and the 1300 nm emitting InGaAsN QW lasers. Suppression of thermionic carrier escape processes in the InGaAsN QW results in high performance 1300 nm emitting lasers operating up to high temperature.
I. INTRODUCTION
The early InGaAsN quantum-well ͑QW͒ lasers have typically displayed very high threshold-current density ͑J th ͒ and anomalously high T 0 ͓1/T 0 = ͑1/J th ͒dJ th / dT͔ values, presumably due to the large monomolecular recombination present. 1, 2 Recently, high-performance InGaAsN quantumwell lasers have been realized both by metalorganic chemical vapor deposition and molecular beam epitaxy. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Unfortunately, the T 0 values of the high-performance 1300 nm emitting InGaAsN single-QW lasers are only in the range 70-110 K, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] which is low compared to optimized 1200 nm emitting InGaAs single-QW lasers ͑T 0 = 200 K͒. [13] [14] [15] There have been studies, without taking into account carrier leakage, which has suggested the existence of large Auger recombination processes in the 1300 nm emitting InGaAsN QW lasers. 2 From our studies, 1, 16 we have shown that carrier leakage cannot be neglected in InGaAsN QW lasers due to the possibility of hole leakage out of the QW. 2 In this work, the reduction of T 0 and T 1 values of the 1300 nm emitting InGaAsN QW lasers, in comparison to those of the 1200 nm emitting InGaAs QW lasers, has been attributed to larger carrier/current leakage processes and a more temperature sensitive material gain parameter. 1 Despite the deeper well structure in the InGaAsN QW lasers, its experimentally measured above-threshold current injection efficiency ͑ inj ͒ reduces more rapidly with temperature compared to that of the 1200 nm InGaAs QW lasers. 1 The strong temperature dependence of the current injection efficiency of InGaAsN QW lasers indicates there may exist significantly increased thermionic emission of carriers out of the QW at elevated temperature. 16 An improved understanding of the carrier transport and current injection efficiency in InGaAsN QW lasers will provide enlightenment to the understanding of carrier leakage processes in InGaAsN QWs, despite its significantly stronger electron confinement.
The aim of this work is to identify and explain the behavior of the carrier/current injection efficiencies in the 1200 nm emitting InGaAs QW and 1300 nm emitting InGaAsN QW lasers. Here we will present a detailed analysis 17 of the below-threshold, at-threshold, and abovethreshold current injection efficiency ͑ inj ͒ of single quantum well lasers, taking into account the recombination in the QW, recombination in the barriers ͑SCH͒, carrier transport, and capture effect, and thermionic carrier escape effects. The analysis presented here is valid for any type of quantum-well laser. 17 However, we will apply this analysis for the understanding of the current injection efficiency of both the 1200 nm emitting InGaAs QW and 1300 nm emitting InGaAsN QW lasers. Design parameters for obtaining high inj and temperature insensitive inj ͓i.e., large T inj value, 1/T inj =−͑1/ inj ͒͑d inj / dT͔͒ will also be presented. The role of nonradiative recombination in QW lasers in relation to the above-and below-threshold current injection efficiency will also be clarified. We find that the higher temperature sensitivity of the inj for InGaAsN QW lasers can be understood from an increase in heavy-hole leakage, due to the smaller hole confinement in the InGaAsN QW lasers. Excellent agreement between theory and experiments is obtained for both the 1300 nm emitting InGaAsN QW and the 1200 nm emitting InGaAs QW lasers. Design analysis with largerband gap barriers and multiquantum well ͑MQW͒ structures for reduced sensitivity of current injection efficiency will also be presented. Experiments on InGaAsN QW lasers with large band gap GaAsP barriers, to suppress the thermionic hole leakage, result in very low threshold current density at elevated temperature. Utilizing GaAsP barriers in InGaAsN QW lasers also leads to the realization of InGaAsN QW a͒ Author to whom correspondence should be addressed; electronic mail: tansu@lehigh.edu lasers with temperature-insensitive slope efficiency at elevated temperature, confirming the predictions of our model. The concept of current injection efficiency in QW lasers will be discussed in Sec. II. The theoretical model of the current injection efficiency of QW lasers will be derived in Sec. III. Once the parameters of interest for the current injection efficiency model have been discussed in detail in Sec. IV, we will present the analysis of the thermionic carrier escape processes in InGaAs QW and InGaAsN QW lasers in Sec. V. Simulation results of the carrier transport and current injection efficiencies of both 1200 nm emitting InGaAs and 1300 nm emitting InGaAsN QW lasers will be presented in Sec. VI. Impact of the carrier leakage on the lasing characteristics of InGaAs and InGaAsN QW lasers will be presented in Sec. VII. Experiments to confirm the existence of carrier leakage and the importance of suppressing thermionic carrier escape processes in InGaAsN QW lasers with large band gap barrier materials will be presented in detail in Sec. VIII.
II. CONCEPT OF CURRENT INJECTION EFFICIENCY

A. Definitions and understanding
The concept of the current injection efficiency of QW lasers is often misunderstood. [18] [19] [20] [21] [22] 48 The current injection efficiency of QW lasers has been typically assumed to be the same for the cases of below-threshold, at-threshold, and above-threshold conditions. The conventional approach in extracting the current injection efficiency of QW lasers is by utilizing a multiple cavity length study. [19] [20] [21] [22] [23] As pointed out by Smowton and Blood 18 for the case of visible-wavelength InGaP QW lasers, the at-threshold ͑including belowthreshold͒ and above-threshold current injection efficiency can have very distinct values. In general, the at-threshold and above-threshold current injection efficiency of QW lasers are conceptually very different. 21, 23 Typically the current injection efficiency of a properly designed double heterostructure laser is similar for both the above and at-threshold conditions. However, as the dimensionality of the active region is reduced, the at-threshold and above-threshold current injection efficiency of the active region cannot be assumed as similar.
The current injection efficiency ͑ inj ͒ of QW lasers is defined as the fraction of the injected current that recombines, both radiatively and nonradiatively, in the QW-active region of the laser. The current injection efficiency ͑ inj ͒ is distinct from the internal efficiency ͑ i ͒, as the internal efficiency is defined as the fraction of the injected current that recombines radiatively in the QW-active region. 48 The relationship between the internal efficiency and the current injection efficiency can be written as follows:
͑1͒
in which the QuantumគEfficiency ͑=R rad / R total ͒ is defined as the fraction of the total recombination in QW ͑R total = R rad + R non-rad ͒ that recombine radiatively ͑R rad ͒. The nonradiative recombination in QW ͑R non-rad ͒ may consist of recombination through monomolecular or Auger processes.
The current injection efficiency ͑ inj ͒ consists of the structural current injection efficiency ͑ injគstructure ͒ and the current injection efficiency of the QW ͑ injគQW ͒, which can be expressed as follows:
͑2͒
where X represents the below-threshold ͑belowគth͒, atthreshold ͑atគth͒, or above-threshold ͑aboveគth͒ conditions. For the discussion presented here, the injគstructure is assumed as constant for a limited temperature regime. This assumption is typically very good for wide-stripe lasers with a stripe width ͑w͒ of many times the diffusion length, as the lateral current spreading and diffusion in broad-area lasers are fixed for a given structure. The injគstructure will also play a role in the lasers which have poor interfaces outside of the QWactive region or separate-confining heterostructure ͑SCH͒ barrier regions, as the carrier losses at the poor interfaces in the cladding layers will lead to a reduction of the injគstructure . For broad-area ͑w = 100 m͒ lasers with identical SCH structures ͓i.e., only the active regions ͑InGaAs QW or InGaAsN QW͒ are changed͔, the assumption of the constant injគstructure should be valid. Therefore, for the study presented here, the injគQW is the parameter of interest in most cases. The injគQW will be analyzed both for the below-and above-threshold conditions, at various temperatures ͑T͒ and carrier concentrations in the QW ͑N QW ͒. From our analysis, we find that the properties of both the below-threshold and abovethreshold injគQW are very distinct for the 1200 nm InGaAs and the 1300 nm InGaAsN QW lasers, with similar SCH structures.
B. The below-and at-threshold conditions
The threshold current density of semiconductor lasers can be expressed as functions of the physical parameters as follows:
with J tr , injគatគthreshold , g oJ , and ␣ i , as transparency current density, at-threshold current injection efficiency, material gain parameters, and internal loss, respectively. The mirror loss ␣ m ͑L͒ is expressed as ͑1/L͒ln͑1/R͒. The belowthreshold ͑ injគQWគbelowគth ͒ and at-threshold ͑ injគQWគth ͒ current injection efficiency of QW lasers represent the fraction of the injected current which recombines in the QW-active region, before the laser reaches the lasing threshold condition. These values depend on the details of the structure, carrier density, and temperature.
C. The above-threshold condition
The output power of semiconductor lasers can be expressed as a function of the physical parameters as follows:
with the J, J th , diffគext , and A as the injected and threshold current density, external differential efficiency, and area of the laser stripe, respectively. The E p and q correspond to the photon energy of the lasing wavelength and the electron charge, respectively. The external differential efficiency
The injគaboveគth is the differential fraction of the injected current that recombines in the QW, after the lasing phenomena occurs. The modal gain is clamped in the QW at threshold and above threshold, but this does not necessarily lead to full clamping of carriers in the QW or SCH regions above threshold. 18, 21, 23 The injគaboveគth can be very different from the at-threshold current injection efficiency, as a result of the full or partial clamping phenomena of carriers in the QW above threshold. It is important to clarify that from conventional length studies, a measurement of diffគext for various cavity-length devices will only result in the extraction of injគaboveគth and ␣ i ͑i.e., not injគbelowគth ͒.
III. MODEL OF CURRENT INJECTION EFFICIENCY
In modeling the current injection efficiency, the parameter of interest is the current injection efficiency of the QWactive region ͑ injគQW ͒. Any fraction of current/carrier loss from poor interfaces in the cladding layers or lateral current diffusion from the contact region will be accounted for in the injគstructure . Therefore, the injected current into the SCH ͑I SCH ͒ will be equivalent to injគstructure ͑=I SCH / I total ͒ times the total injected current ͑I total ͒ into the laser device. The I SCH consists of a combination of the injected current from the n-cladding ͑I SCHគn ͒ and the p-cladding ͑I SCHគp ͒ layers.
To realize a physically intuitive model of the current injection efficiency of the QW-active region, without having to utilize a complex numerical solution of the problem, we utilize a three-level rate equation model. 23 The model that we employ here consists of the rate equations for the carrier density in the QW-active region ͑N QW ͒, carrier density in the SCH-barrier region ͑N B ͒, and the photon density ͑S͒. The variation in the carrier density along the length of the active region has been neglected, as the variation in the longitudinal direction for QW lasers is not significant for lasers with facet reflectivity larger than 20%. 24 The carrier density variation in the lateral direction is also negligible, as the stripe width is many times the diffusion length.
The three rate equations for carrier density and photon density in electrically injected QW lasers can be expressed as follows:
where bw is the total carrier capture time from the SCH/ barrier to QW, QWគrad is the radiative recombination lifetime in the QW, QWគnonគrad is the monomolecular and Auger nonradiative recombination lifetime in the QW, e is the carrier thermionic emission escape time from the QW to the barrier region, b is the total recombination lifetime of the carriers in the barrier/SCH region, p is the photon lifetime, V QW is the volume of the QW, V SCH is the volume of the barrier/SCH region, ⌫ is the transverse optical confinement factor, g is the group velocity of the mode, g͑N QW ͒ is the peak gain provided by the carriers in the QW, is the intrinsic gain compression factor, and ␤ is the spontaneous emission coupling to the lasing mode. An illustration of the transverse direction of the laser is shown in Fig. 1 . Although the rate equation treatment presented here ignores the fact that the electron and holes are injected from different cladding regions, a more in-depth analysis taking account this fact has yielded essentially similar result for studies concerning the dynamics of high speed lasers. 21, 23, 25 Even though the analysis of interest here will be utilized to analyze only the case of single QW lasers, this analysis can be easily extended for the case of multiple QW lasers, as will be discussed later.
Both the radiative and the nonradiative recombination processes in the QW are important factors in determining the temperature sensitivity of the injគQW . The total recombination lifetime in the QW ͑ QWគtotal ͒ can be expressed as 1/ QWគtotal =1/ QWគrad +1/ QWគnonគrad . The photon lifetime p is the inverse of the total cavity loss rate, which can be expressed as follows: p =1/͓ g ͑␣ i + ␣ m ͔͒. The 1 / e value represents the thermionic escape rate of carriers from the QW into the barriers. A larger carrier escape rate from QW will also lead to overflow of carriers in the barrier/SCH region. In our analysis, both the electron and hole thermionic escape time will be calculated, which will be elaborated on later.
The bw ͑= capគQW + r ͒, in general, consists of the quan- tum mechanical capture time into the QW ͑ capគQW ͒ and transport time from the edge of the SCH to the QW ͑ r ͒. Nagarajan and co-workers 25 have shown that r dominates to capគQW for typical QW lasers, both theoretically and experimentally, in the carrier capture process from barriers into QW. The typical capគQW will range from 0.3 to 0.5 ps for QW lasers, 26 which is significantly smaller than the typical transport time of holes ͑ r ϳ 5-6 ps͒ in QW lasers. 23, 25, 27 In our analysis here, only the r will be considered in the bw , though capគQW can be incorporated as needed into the equation without any loss in generality.
In the analysis here, only the steady-state ͑dc͒ conditions are of interest. By taking the time derivative of Eqs. ͑6͒-͑8͒ to be zero, the following conditions can be achieved as follows:
The total recombination current in the QW ͑I QWគtotal ͒ can be expressed as I QWគtotal = N QW · V QW · q / QWគtotal . By relating Eqs. ͑9͒ and ͑10͒, the relation of the I SCH to the I QWគtotal can be obtained as follows:
͑12͒
The current injection efficiency of the QW for belowthreshold and at-threshold ͑ injគQWគbelowគth = I QWគtotal / I SCH ͒ can be expressed as follows:
͑13͒
For the below-threshold and at-threshold condition, the photon density ͑S͒ in the cavity is typically minimal; thus the last term in the denominator of Eq. ͑13͒ can be neglected in the below-threshold and at-threshold calculation, resulting in a simpler form as follows:
͑14͒
Equation ͑14͒ derived here is the general equation for current injection efficiency for the below-and at-threshold conditions. An analogous equation has also been derived by Nagarajan and co-workers 23 for the special case of belowthreshold internal efficiency without any nonradiative processes ͑1/ QWគnonគrad → 0͒. All the parameters bw , b , QWគtotal , and e are functions of the carrier density in the QW and temperature, specific to each QW-active region under study. A large thermionic carrier escape rate will lead to a reduction in e and b , which will in turn lead to severe degradation of the injគQWគbelowគth and injគQWគatគth . The carrier density in the barrier region ͑N B ͒ is related to the N QW from Eq. ͑10͒, with the contribution from the S term being neglected in the below-threshold and at-threshold conditions. The above-threshold current-injection efficiency of the QW ͑ injគQWគaboveគth ͒ is the fraction of the I SCH above threshold that recombines in the QW, after the lasing phenomena occurs. For the above threshold analysis, the expression for the injគQW is very distinct compared to the below threshold conditions. Once the lasing phenomena occurs, the clamping of the modal gain to the total cavity loss will lead to partial or full clamping of the carriers in the QW. 18, 23, 28 The abovethreshold partial-clamping phenomena of carriers in the QW 28 can be a result of carrier heating or a variation in the lateral mode profile. This partial clamping phenomenon typically leads to an unclamping rate of approximately 8%-10% in QW lasers. 23 To distinguish the threshold and above threshold conditions, the following definitions are made: I SCHគth is defined as the total injected current into the SCH region at the threshold condition, and I QWគth is defined as the total injected current that recombines in the QW at threshold. The relation of threshold current density ͑J th ͒ of QW lasers to the I SCHគth and I QWគth can be expressed as follows:
͑15͒
with w and L corresponding to the cross-sectional width and length of the devices. 
with ⌬ QW defined as the relative increase or unclamping rate of the carrier in the QW, which can be expressed as
For the case of the full clamping of the carriers in the QW, ⌬ QW will be zero. Since ␤ typically ranges from 0.001 to 0.01, much smaller than unity, the 1 / p can be assumed as equal to total cavity loss rate v g ͓␣ i + ␣ m ͑L͔͒.
The total lasing output power of QW lasers ͑P output ͒ can be expressed as a function of the photon density in the cavity ͑S͒, the energy of the photon ͑E p ͒, the total photon escape rate ͑v g · ␣ m ͒, and the effective volume of the optical mode ͑V optical = V QW / ⌫͒, 20 with the following relationship:
From rearranging Eqs. ͑4͒, ͑5͒, ͑14͒, ͑16͒, and ͑17͒, the above-threshold current injection efficiency ͑ injគQWគaboveគth ͒ can be expressed as follows:
where injគQWគatគth depends on the e , bw , QW , and b . For the case of full clamping of carriers in the QW, the injគQWគaboveគth will reduce to the simple form of 1 / ͑1 + bw / b ͒. Typical unclamping rates for carriers in the QW ͑⌬ QW ͒ are approximately 8%-12%. 23 The thermionic carrier leakage at high temperature also plays significant role, especially in reducing the injគQWគatគth and increasing the 1 / b , which will in turn lead to a reduction in injគQWគaboveគth .
The analysis here shows that the at-threshold and abovethreshold current injection efficiency of QW lasers are quite different from one another, explicitly shown in Eqs. ͑14͒ and ͑18͒. The injគQWគatគth will be severely reduced, compared to the injគQWគaboveគth , for the case of the QW lasers with large thermionic carrier escape rate ͑1/ e ͒. Thermionic carrier escape is significant for the QW lasers with poor carrier confinement, reflected by a small ⌬E c or ⌬E v . Only for the case in which the thermionic carrier leakage of a QW laser is negligible ͑1/ e → 0͒ and full clamping occurs for the carriers in QW ͑⌬ QW → 0͒, are injគQWគatគth and injគQWគaboveគth found to be similar.
IV. PARAMETERS OF INTEREST FOR MODELING
A. Parameters of interest
In realizing the current injection efficiency model, we have taken the parameters of interest from various sources. The parameters of interest here include the barrier-QW capture time ͑ bw ͒, the thermionic carrier escape time ͑ e ͒, the recombination lifetime in the barriers ͑ b ͒, and in the QW ͑ QW ͒. The description of the parameters of interest here is intended to serve as a guideline in modeling and designing the current injection efficiency for any QW lasers in general. The parameters utilized for the case of InGaAs QW and InGaAsN QW lasers will be discussed further in Sec. V.
B. The barrier-well capture time " bw …
The barrier-well capture time consists of the carrier transport time ͑ r ͒ and the quantum-capture time ͑ capគQW ͒. 23, 25, 27 The capគQW has been neglected in the analysis here due to the dominant contribution from r in the bw . 23, 25 The capគQW term can be easily included, if necessary, by utilizing bw = r + capគQW . As a result of very large electric field in the SCH region, the transport of carrier transport from the SCH to the QW follows the ambipolar carrier transport. 25, 27 The analytical r for SCH structures with symmetric confinement region, 25, 27 with 2 · L s as the total width of the SCH, has been shown to have a rather simple form as follows:
The distance L s is the undoped region of the confinement region, measured from the QW to the edge of the dopedcladding region. For the case in which the confining region is doped, only the undoped confining region should be included in the L s . 25 For all our lasers modeled here, we utilize the GaAs-confining region. The diffusion coefficient for electrons ͑D n ͒ and holes ͑D p ͒ can be calculated from the Einstein relation D n = ͑k B T / q͒ n and D p = ͑k B T / q͒ p , with k B , T, n , p , corresponding to Boltzmann constant, temperature, electron mobility, and hole mobility, respectively. The unintentional background doping of the SCH region will affect the carrier mobility, which will in turn affect the carrier diffusion coefficient. The background doping of metalorganic chemical vapor deposition ͑MOCVD͒-grown undoped GaAs layer is typically slightly n doped, with doping level ranging from low-10 16 to low-10 17 cm −3 depending on the growth conditions. The majority mobility of electrons and minority mobility of holes in n-GaAs, at T = 300 K, can be calculated from the following equations: 29, 30 
͑21͒
with N d corresponding to the background doping of the donors in units of cm −3 , respectively. The temperature dependence of the carrier transport time ͑ r ͒ is a result of the temperature dependence of the carrier diffusion coefficient and carrier mobility. For the treatment of the temperature dependence of electron and hole mobility, we follow the expression presented by Sze. 31 The temperature dependence of the electron and hole carrier mobility in GaAs can be expressed as follows:
. ͑23͒
C. Thermionic carrier escape time " e …
The thermionic carrier lifetime ͑ e ͒ in QW lasers is an important factor in determining the below-threshold, the atthreshold, and the above-threshold current injection efficiency of QW ͑ injគQW ͒ lasers, as reflected in Eqs. ͑13͒, ͑14͒, and ͑18͒. A large thermionic lifetime of the carriers in the QW indicates a minimal escape rate of the carriers from the QW to the SCH. 23, 25, [32] [33] [34] [35] Minimal thermionic carrier escape rate out of the QW will lead to an increase in injគQW and a reduction in the temperature sensitivity of injគQW . The conventional method to express the thermionic lifetime is based on the model by Schneider et al., 32 which utilizes the bulk three-dimensional ͑3D͒ density of states ͑DOS͒ and a simple parabolic band model. Unfortunately, this model 32 has been shown to be insufficient to explain experiments, 33 and has a tendency to significantly overestimate the hole lifetime and to underestimate the electron lifetime. 33 The thermionic lifetime model that we employ in this study 34, 35 is based on the model proposed by Irikawa et al., 33 that has been applied to study 1500 nm InGa͑Al͒As/ InP QW lasers.
The distinction of the total thermionic carrier leakage with the leakage from QW to one side of SCH is shown in Fig. 2 . The derivation of the thermionic current leakage presented here follows the treatment of thermionic emission theory by Bethe 36 and Sze, 31 with the following assumptions: ͑1͒ the carriers in the QW are under thermal equilibrium, ͑2͒ the net current flow does not affect this equilibrium, and ͑3͒ the barrier height is much larger than the thermal energy ͑k B T͒. Under these assumptions, carriers inside the QW will redistribute to maintain the emission of the carriers from the edge of the QW to the barrier region. By utilizing these assumptions, the net thermionic current depends only on the carrier density in the QW ͑N QW ͒, lattice temperature ͑T͒, thickness of QW ͑L z ͒, and the barrier height.
The thermionic current leakage, from the edge of a single QW to one side of the SCH, J eeគi , is related to the thermionic emission carrier lifetime to one side of the SCH eeគi as follows:
in which i , N , q , L z , N QW , represent the type of carriers ͑elec-trons or holes͒, the number of QWs, the charge of the electron, the thickness of QW, and the carrier density in QW, respectively. It is important to note that the thermionic leakage current here is not the same as the total current leakage in QW laser devices, as the leaked carriers into the SCH region will have the probability of being recaptured back and recombine in the QW. 23, 25, [33] [34] [35] The relationships of the total threshold current density and the current injection efficiency with the thermionic carrier lifetime are more complex, and are interrelated by the total recombination lifetime in the QW and barrier regions and carrier capture time into the QW. 23, 25, [33] [34] [35] The thermionic leakage current J eeគi has been described in Refs. 29 and 31-35 with the standard thermionic emission theory as follows:
where m i * , E bi , and F i are the effective masses of the electrons or holes in the QW, the effective barriers, and the quasi-Fermi levels for the electrons or holes in QW, respectively. The constants k B and h represent the Boltzmann and Planck constant, respectively. The carrier density in the QW is calculated by taking into consideration the 2D DOS of the strained-QW, strain effects in band gap of the QW, and the Fermi-Dirac statistics. 20 The thermionic escape lifetime ͑ eeគi ͒ can be extracted by relating the thermionic leakage current ͑J eeគi ͒ and the carrier density in the QW ͑N QW ͒, with appropriate consideration of the structure. The total current leakage from the single quantum well ͑SQW͒ to both sides of the SCH, contributed by carrier i ͑electrons or holes͒, is J eគi = J eeគiគright + J eeគiគleft . The total thermionic escape lifetime of carrier i ͑ eគi ͒ can be expressed as 1 / eគi =1/ eeគiគright +1/ eeគiគleft . For the case of symmetrical barriers ͑J eeគiគright = J eeគiគleft ͒, the expression 1 / eគi =2/ eeគi will be obtained. The total thermionic carrier escape time of QW lasers ͑ e ͒ can be expressed as functions of the thermionic escape time of electrons and holes as follows: 1 / e =1/ eគelectron +1/ eគholes . The escape phenomenon is dominated by the escape rate of the carriers with the fastest escape time. Once the carriers have escaped, the carriers in the QW and SCH will redistribute themselves to maintain charge neutrality in QW and SCH attributed to the high mobility of the carriers. 23, 25 D. Recombination in the QW region " QW …
The recombination of carriers in the QW has been well studied. [19] [20] [21] [22] The recombination mechanisms in the QWactive material typically consists of the monomolecular ͑A͒, bimolecular ͑B͒, and Auger ͑C͒ recombination processes with the bimolecular-recombination process leading to optical gain in the material. The radiative recombination rate ͑1/ QWគrad ͒ can be expressed as 1 / QWគrad = B QW N QW , with B QW defined as the bimolecular recombination coefficient of the QW-active material. The nonradiative recombination rate ͑1/ QWគnonគrad ͒ can be expressed as follows: 1 / QWគnonគrad = A QW + C QW N QW 2 , with A QW and C QW corresponding to the monomolecular-and Auger-recombination coefficient of QW-active material, respectively. The total recombination rate in the QW is then defined as 1 / QWគtotal =1/ QWគrad +1/ QWគnonគrad .
E. Recombination in the barrier region " b …
The recombination processes in the barrier/SCH region consist mostly of the monomolecular and bimolecular processes. Typically Auger recombination can be neglected in the analysis for the SCH region, due to the larger band gap of the barrier material and the significantly lower carrier density in the barrier compared to that in the QW region. The b can then be expressed as 1 / b = A B + B B N B , with A B and B B corresponding to the monomolecular-and bimolecularrecombination coefficient of barrier/SCH material, respectively. The carrier density in the SCH region ͑N B ͒ is related to the carrier density in the QW ͑N QW ͒, from Eq. ͑10͒. For analysis of the near-threshold condition, the photon density ͑S͒ can be assumed to be zero. As the thermionic carrier escape rate increases ͑1/ e ͒, the overflow of the carrier in the SCH region will be significant, which will in turn lead to an increase in the recombination current in the SCH region
V. THERMIONIC CARRIER ESCAPE TIMES FOR THE InGaAs"N… QW
In this study, 34 the eeគi values are analyzed for the case of the 1190 nm emitting InGaAs QW and 1300 nm emitting InGaAsN QW lasers. These 1190-1300 nm InGaAs͑N͒ QW lasers, shown schematically in Fig. 3 , are similar to the lasers that we have published previously, 4, 5 in which a very high In content ͑ϳ40% ͒ and minimum N content ͑ϳ0.5% ͒ InGaAs͑N͒ QW is utilized to achieve high performance = 1190-1300 nm emitting lasers with GaAs as the direct barrier to the QW. Large band-gap Al 0.74 Ga 0. 26 As layers are utilized as the n-and p-cladding layers, to ensure minimal carrier leakage from the SCH region to cladding layers. The existence of the small N content ͑ϳ0.5-2 % ͒ in the InGaAsN QW mainly affects the conduction band, which allows for the approximation of many of the material parameters of the In x Ga 1−x As 1−y N y QW with those of the In x Ga 1−x As QW. 37 The compilation of the parameters used here follows the treatment in Refs. 37 and 38 for the effective masses of the electrons, band-gap energy, and conduction ͑⌬E c ͒ and valence ͑⌬E v ͒ band offsets.
We determine the appropriate band-offset values by fitting the theory with the measured values from the experiments. The conduction-band-offset ratio ͑Q c = ⌬E c / ⌬E g ͒ for highly strained ͑InϾ 20% ͒ InGaAs-GaAs materials has been predicted to be in the range 60%-65%. 20, 21, [39] [40] [41] [42] For the case of the InGaAsN QW, experimental studies 3, 38 show that Q c is as high as 77%-80% for the case of In 0. 38 The m e * for InGaAs QW and InGaAsN QW here are calculated as 0.047m 0 and 0.069m 0 , respectively, with m 0 as mass of electron. The m hh * for both InGaAs and InGaAsN QW utilized in calculation is 0.457m 0 . Due to the large strain of the InGaAs and InGaAsN QW, the hole band structure consists of only heavy-hole ͑hh͒ subbands in the 2D states, with light-hole ͑lh͒ states having bulk-like ͑3D͒ properties. As shown in Table I By utilizing the parameters listed in Refs. 33-42 and Fig. 3 , the thermionic escape lifetime eeគi can be calculated for electrons and holes for both InGaAs and InGaAsN QWs, as shown in Fig. 4 . For the case of an InGaAs QW, the ee ͑ϳ50-160 ps͒ of electrons is comparable to that ͑ϳ55-60 ps͒ of heavy holes, for typical threshold carrier density of interest ͑N QW ϳ 1.5-4 ϫ 10 18 cm −3 ͒. In the case of an InGaAsN QW, the ee of the heavy hole is significantly smaller than ee of the electron. The electrons are very well confined in the InGaAsN QW, as indicated by the large ee ͑ϳ40-100 ns͒ of the electron for typical threshold conditions. This large ee of electrons in InGaAsN QW is expected, owing to its large conduction band offset ͑⌬E c ϳ 450 meV͒. On the other hand, the heavy hole is very poorly confined due to the large disparity of the ⌬E c and ⌬E v . The small valence band offset ͑⌬E c ϳ 99 meV͒ in InGaAsN QW results in a picosecond range ee of approximately 5 -6 ps, for typical threshold conditions. Due to the significantly smaller ee of the hole in the InGaAsN QW, the heavy-hole leakage is the dominant leakage mechanism for the InGaAsN QW. Severe thermionic carrier leakage leads to a reduction in the current injection efficiency at threshold, 23, 25, 35 which is distinct from the above-threshold inj , 18 and will in turn lead to an increase in the threshold current density of the QW laser.
The thermionic carrier escape lifetimes for the InGaAs and InGaAsN QWs are shown in Figs. 5͑a͒ and 5͑b͒, respectively. At elevated temperature ͑T = 360 K͒, ee of the heavy hole reduces to only 3 ps, as shown in Figs. 5͑b͒ and 6. In the case of the InGaAs QW, the lowest ee is approximately 21 ps at an elevated temperature of 360 K. The severe heavy-hole leakage at elevated temperature for InGaAsN QW lasers serves as one of the contributing factors that leads to the highly temperature sensitive ͑T 0 ϳ 70-90 K͒ threshold current of high-performance 1300 nm InGaAsN QW lasers. Although the hole-leakage processes may dominate the high temperature sensitivity of InGaAsN QW lasers, Auger recombination and other processes in the InGaAsN QW cannot be ruled out as contributing factors. To achieve suppression of hole leakage from the InGaAsN SQW, larger band-gap materials of tensile GaAsP or InGaAsP can also be utilized as the direct barrier or SCH regions. As shown in Fig. 7 , the ee of holes ͑ eeគhh ͒ in an InGaAsN QW are calculated for structures with various barrier regions. By utilizing the 1.77 eV InGaAsP latticematched barriers, with the assumption of a band-offset ratio ͑⌬E c : ⌬E v ͒ of 82:18, the thermionic escape rate ͑1/ eeគholes ͒ of the heavy hole in InGaAsN QW is reduced significantly by approximately 10-12 times, in comparison with that of the InGaAsN-GaAs case. In fact, the eeគholes ͑ϳ25 ps, N QW ϳ 3 ϫ 10 18 cm −3 , T = 360 K͒ of the heavy hole for an InGaAsN QW with 1.77 eV barriers at elevated temperature, is comparable with the lowest ee of carriers in an InGaAs QW for typical threshold conditions at the same temperature. The utilization of an InGaAsN multiple QW with GaAs barriers is also expected to improve the high-temperature laser performance. The utilization of a multiple QW active region will result in a lower thermionic hole escape rate ͑1/ eeគholes ͒, as the 1 / ee is inversely proportional to the number of QWs ͑N͒, indicated from Eq. ͑24͒.
The hole-leakage process is identified as the main mechanism in the leakage process in 63 Å In 0.43 Ga 0.57 As 0.9938 N 0.0062 SQW lasers with GaAs barriers. At a typical room-temperature threshold carrier density ͑N QW = 1.5-3 ϫ 10 18 cm −3 ͒, the estimated ee for the hh in 1300 nm emitting InGaAsN QW lasers is predicted to be around 5 -6 ps, which is approximately ten times smaller than that of the 1190 nm emitting InGaAs QW lasers. Reduction in the hole leakage, by utilizing large-band gap barriers in a SQW, should allow the realization of high-lasing performance and high-temperature operation 1300 nm InGaAsN SQW lasers, comparable to that achieved with 1190 nm emitting InGaAs SQW lasers. Utilization of multi-QW InGaAsN active regions will also allow reduction in the thermionic carrier escape rate, which will be beneficial for high-temperature operation.
The intent of the analysis presented in this section is to point out the significance of the thermionic carrier escape processes in 1300 nm InGaAsN QW lasers, which have been neglected in previous analysis under the assumption of strong electron confinement. 17 The role and impact of the significant hole leakage in InGaAsN QW on the current injection efficiency of InGaAsN QW lasers will be discussed in detail in Sec. VI.
VI. CURRENT INJECTION EFFICIENCY OF InGaAs"N… QW-SIMULATION
A. Design of experiments and structures
The structures that we utilize in these simulations are based on the laser structures that have been fabricated and studied experimentally. 4 The laser structure is shown in Fig.  8 , consisting of 60 Å QW of either a 1200 nm In 0.43 Ga 0.57 As QW or a 1300 nm In 0.43 Ga 0.57 As 0.9938 N 0.0062 QW active region. The compositions of the QWs studied here are similar to the QW compositions of the laser structures studied experimentally. 4 For simplicity and without loss of generality, the analysis will be primarily focused on the case for structures utilizing a single QW. The QW active region is sandwiched inside a 3000 Å undoped GaAs optical confinement layer, which is also similar to our typical 1200 nm InGaAs QW and 1300 nm InGaAsN QW laser structures. 3, 4 The assumption of minimal carrier leakage from the confinement layer out into the cladding layers is valid, due to the utilization of the large band gap material of Al 0.74 Ga 0. 26 As as the cladding layers.
The parameters utilized in the calculation of the current injection efficiencies follow the treatment presented in Sec. IV and V. The optical confinement layer of undoped GaAs is assumed to have slightly n-type background doping of 10 16 cm −3 , which is typical for undoped GaAs grown by MOCVD at low temperature. From Eqs. ͑19͒-͑23͒, the carrier transport time ͑ r ͒ and the barrier capture time ͑ bw ͒ can be extracted. Thermionic carrier escape lifetimes utilized here for both InGaAs and InGaAsN QWs active regions with GaAs barrier regions have been calculated and discussed in Sec. V.
The carrier recombination in the undoped-GaAs SCH region consists of both the monomolecular and bimolecular processes. The Auger recombination process is assumed to be minimal in an undoped GaAs material system, which is utilized for the optical confinement layer. Lower carrier density in the SCH region, in comparison to that of QW ͑N QW ͒, also validates the assumption of minimal Auger recombination processes in the SCH region. where A B and B B terms are assumed as approximately 1 ϫ 10 8 s −1 and 1.2ϫ 10 −10 cm 3 / s, respectively, which are typical for the GaAs material system. 21 The carrier recombination in the 1200 nm InGaAs QW and the 1300 nm InGaAsN QW active regions consist of monomolecular, bimolecular, and Auger processes. Theoretical gain calculations have shown that the incorporation of N into an InGaAsN QW only results in a reduction of approximately 10% of its peak optical gain, in comparison to the N-free InGaAs QW. 44 Here we assume the bimolecular recombination rate for both the InGaAs and InGaAsN QW as identical to B QW of 1.5ϫ 10 −10 cm 3 / s, which is a typical value for InGaAs QW. 21 For the analysis of optimized, highperformance 1300 nm emitting InGaAsN QW and 1200 nm emitting InGaAs QW lasers, the monomolecular recombination rate of these two active regions can be assumed to be minimal and identical. It is very important to emphasize that the assumption of the minimal monomolecular recombination process in the InGaAsN QW active region is valid only for the analysis of the highest-performance InGaAsN QW laser ͑many of the earlier reported InGaAsN lasers exhibited very high monomolecular recombination rates͒. Here we only consider optimized and very low J th 1200 nm emitting InGaAs QW and 1300 nm emitting InGaAsN QW lasers. 3, 4 The monomolecular recombination rate for both the InGaAs QW and InGaAsN QW is assumed to be identical with A QW of 1 ϫ 10 8 s −1 . Variation of the monomolecular recombination rate ͑A QW ͒ of the 1300 nm InGaAsN QW lasers will also be studied to understand the role of nonradiative recombination on its current injection efficiency. The role of Auger recombination in InGaAsN lasers is still very controversial. While Auger recombination has been implicated 2 in the temperature sensitivity of InGaAsN lasers, these studies have not necessarily been conclusive in demonstrating the extent of the Auger recombination process in high-performance 1300 nm InGaAsN QW lasers. Studies without taking into account any carrier leakage, 2 may have significantly overestimated the Auger rate in the presence of a large thermionic carrier leakage in the 1300 nm InGaAsN QW lasers. 16, 17 Here we assume that the Auger recombination rate for both the 1200 nm InGaAs QW and the 1300 nm InGaAsN QW as similar to C QW of 5 ϫ 10 −30 cm 6 / s, which is a typical value for InGaAs QW. 21 We found that, even in the presence of minimal Auger recombination in the 1300 nm InGaAsN QW laser, the thermionic heavy hole leakage process may significantly contribute to a large increase in the threshold current density and temperature sensitivity at elevated temperatures.
B. The below-and at-threshold conditions
The at-threshold current-injection efficiency of the QW ͑ injគQWគatគth ͒ for both the 1200 nm emitting InGaAs QW and 1300 nm emitting InGaAsN QW lasers are calculated as a function of temperature, and shown in Fig. 9 . The injគQWគatគth is calculated from Eq. ͑14͒, utilizing the parameters presented in Sec. IV, V, and VI A. The typical threshold carrier density in the QW ͑N QWគth ͒ for QW lasers is in the range of 2.5ϫ 10 18 -4ϫ 10 18 cm −3 . Here we assume N QWគth of 3 ϫ 10 18 cm −3 for both the InGaAs QW and InGaAsN QW lasers at a temperature of 300 K. In these studies, we are interested primarily in the temperature evolution of the injគQWគatគth ͑not their absolute values͒ for both InGaAs and InGaAsN QW lasers. The temperature dependence of the N QWគth can be approximated, in a limited temperature regime, to follow a linear relation with temperature ͑T͒.
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The injគQWគatគth value for a QW laser is very important, as it will determine the fraction of the injected threshold current density that actually recombines in the QW. A severe reduction in the injគQWគatគth of QW lasers will result in a significant increase in the total injected current density required to reach threshold. From the calculation presented in Fig. 9 , the injគQWគatគth of InGaAsN QW lasers is only approximately 65% at T = 300 K, which is very distinct from that ͑ injគQWគatគth =95%͒ of InGaAs QW lasers. The low injគQWគatគth of 1300 nm emitting InGaAsN QW lasers may partially explain the larger ͑observed͒ room-temperature J th , in comparison to that of 1200 nm emitting InGaAs QW lasers. injគQWគatគth values of only 35%-40% are calculated for InGaAsN QW lasers in the temperature regime of 370-380 K, which will lead to a significant increase in the J th at elevated temperatures. In contrast to the case for InGaAsN QW lasers, the injគQWគatគth of InGaAs QW lasers is very high at room temperature and elevated temperature. The calculated injគQWគatគth for the InGaAs QW lasers are in excess of 95% and 73% at temperatures of 300 and 370 K, respectively. From our studies, we found that the contribution of carrier leakage in InGaAsN QW lasers can easily account for almost a factor of 2.2 times increase ͑120% increase͒ in the J th at elevated temperature ͑T = 400 K͒, in comparison to that of room temperature ͑T = 300 K͒. For the case of InGaAs QW lasers, the carrier leakage effect results only in a factor of 1.5 times increase ͑50% increase͒ in the J th at T = 400 K, in comparison to that of room-temperature J th .
C. The above-threshold condition
The above-threshold current-injection efficiency of the QW ͑ injគQWគaboveគth ͒ for both the 1200 nm emitting InGaAs QW and 1300 nm emitting InGaAsN QW lasers are calculated as a function of temperature, and shown in Fig. 10 rate of carriers in the QW ͑⌬ QW ͒ for both InGaAs QW and InGaAsN QW lasers is assumed to be identical to ⌬ QW of 11%, which is a typical value for QW lasers in general. 23 From the calculation shown in Fig. 10 The above-threshold current-injection efficiencies ͑ injគaboveគth, with injគaboveគth = injគstructure ϫ injគQWគaboveគth ͒ as a function of temperature for both the 1200 nm InGaAs QW and 1300 nm InGaAsN QW lasers are calculated and compared with experiments, as shown in Fig. 11 . It is important to note that the injគaboveគth is different from the injគQWគaboveគth by a factor of injគstructure , as shown in Eq. ͑2͒. The experimentally measured quantity, from the plot of 1 / d versus L, will result in injគaboveគth . The experimental data were taken from the InGaAs QW and InGaAsN QW lasers that utilize a similar SCH region, 1, 3 with tensile-strained InGaP-GaAsP buffer layers. These lasers have been discussed in detail in Refs. 1 and 3. The defect-induced carrier recombination at the poor interface of the n-AlGaAs cladding layer and the InGaP buffer layer in these laser structures has led to a reduction of the injគstructure value. Improvement in the injគaboveគth , by removing the poor interface of AlGaAsInGaP, has also been demonstrated to result in improvement of injគaboveគth . 4 By taking into account the appropriate injគstructure of 88% and 85% for the InGaAs QW and InGaAsN QW lasers, excellent agreement between experiments and theory are observed and shown in Fig. 11 . Both the injគaboveគth and injគQWគaboveគth of the 1300 nm InGaAsN QW lasers are calculated and experimentally measured to have higher temperature sensitivity, in comparison to those of 1200 nm InGaAs QW lasers. The InGaAs QW lasers exhibit minimal reduction in efficiency up to elevated temperatures of 350 K.
In contrast to that of InGaAs QW lasers, the injគaboveគth of InGaAsN QW lasers reduces from 72% at T = 293 K to 65%
at T = 333 K. Aside from the reduction of the injគQWគatគth , thermionic carrier leakage also leads to a severe reduction in the injគQWគaboveគth . It is clear from the experimental and theoretical studies presented in Fig. 11 , that heavy-hole leakage in 1300 nm InGaAsN QW lasers can explain the more temperature-sensitive injគaboveគth , in comparison to that observed in the 1200 nm InGaAs QW lasers.
D. The role of nonradiative recombination
The current injection efficiency of a QW laser depends significantly on the rate of the nonradiative processes. There has been a common misunderstanding or misinterpretation in the literature on the role of nonradiative recombination on the current injection efficiency of QW lasers. 12 Common understanding typically attributes the reduction in the current injection efficiency of InGaAsN QW lasers to the result of an increase in the defect recombination in the QW. 12 From our studies here, we show that the current injection efficiency of QW lasers actually increases as the defect recombination rate increases. The phenomena of increasing current injection efficiency with increasing defect recombination in the QW can be explained by the faster recombination rate of the carriers in the QW when large nonradiative recombination is present.
The common misunderstanding in the role of defects on the current injection efficiency is a result of a misconception of the internal efficiency and current injection efficiency. The current injection efficiency, extracted above threshold, is not the same as internal efficiency. As shown in Eq. ͑1͒, the internal efficiency is composed of both the current injection efficiency and the quantum efficiency ͑ QuantumគEfficiency = R rad / R total ͒. The injគaboveគth is the differential fraction of the injected current that recombines in the QW, after the lasing phenomena occurs. From multiple-length studies on lasers, plotting the inverse of the above-threshold external differential quantum efficiency ͑1/ d ͒ versus cavity length ͑L cav ͒, only the injគaboveគth can be extracted as described in Sec. II C and Eq. ͑5͒. The calculated at-threshold current injection efficiency ͑ injគQWគatគth ͒ of the 1300 nm InGaAsN QW lasers as a function of temperature and defect recombination rate ͑A͒ is shown in Fig. 12 . As the defect recombination rate ͑A͒ increases, the carrier recombination lifetime in the QW ͑ QW ͒ will be reduced. A reduction in the QW will lead to an increase in the recombination current in the QW. Carriers in the QW can either recombine in the QW through radiative or nonradiative recombination, or be leaked out from the QW through thermionic carrier leakage. An increase in the nonradiative recombination processes in the QW will only lead to an increase in the recombination current in the QW, which in turn leads to an increase in the current injection efficiency.
From the calculation results shown in Fig. 12 , injគQWគatគth of the InGaAsN QW, with increasing defect recombination rate, exhibits a reduction in its temperature sensitivity. The injគQWគatគth of the QW with a low defect density ͑1 ϫ 10 8 s −1 ͒ has a value of only approximately 30% at T = 400 K. By contrast, the injគQWគatគth of the QW with a large defect density ͑10-20ϫ 10 8 s −1 ͒ exhibits a reduction in the temperature sensitivity, which leads to a injគQWគatគth of approximately 55%-65% at T = 400 K.
E. Multiple-QW structures
The poor at-threshold current-injection efficiency of the QW ͑ injគQWគatគth ͒ in 1300 nm InGaAsN lasers is attributed to the poor confinement of the heavy holes inside the QW. One of the methods that can be utilized to improve the injគQWគatគth of 1300 nm InGaAsN QW lasers is by utilizing the multiple QW structures. Utilizing the multiple QW structures will allow for a reduction of the effective thermionic carrier escape rate. The thermionic carrier escape rate ͑1/ e ͒ can be calculated from Eq. ͑24͒, where N represents the number of QWs.
It is important to note that Eq. ͑24͒ is valid for multiple QW structures, with the assumption that the tunneling rate and the recombination rate in the barrier regions separating QWs are minimal. Carrier tunneling rate across the barrier region can be significant, if the distance between QWs is thin enough. In all our designs and experiments, the distance between QWs is typically in excess of 75-100 Å, which in turn leads to a negligible carrier tunneling processes. Recombination in the barrier regions separating QWs can be neglected as the typical separation of these barrier regions is only on the order of 75-100 Å each. An additional benefit from the utilization of multiple quantum well structures is the lower threshold carrier density in the QW ͑N QWគth ͒ in each QW, which is a result of the reduction in the required gain per QW.
From Eq. ͑24͒ within the boundary of the assumptions explained earlier, one can approximate the thermionic carrier escape lifetime ͑ e ͒ to scale inversely proportional to the number of QWs ͑N͒. By utilizing Eq. ͑24͒ and the parameters listed in Sec. IV, V, and VI A, the injគQWគatគth as a function of temperature is calculated for the cases of single QW and multiple QWs, and shown in Fig. 13 , where the utilization of multiple-QW structures leads to an increase in injគQWគatគth , in comparison to that of a single-QW structure. Single-QW structures exhibits low injគQWគatគth values of only 31% at T = 400 K. In contrast to the case for a single-QW structure, the injគQWគatគth of multiple-QW structures with three and four QWs exhibit reasonably high values of approximately 58% and 65%, respectively, at T = 400 K. The suppression of heavy-hole leakage in the multiple-QW structure will lead to a reduction in the temperature sensitivity of the J th .
F. Larger-band gap barriers
The thermionic carrier leakage of QW lasers can be suppressed by implementing larger band gap barrier materials to surround the QW. As shown in Sec. V and Refs. 16 and 34, the thermionic escape lifetime of the holes in the InGaAsN QW can be significantly increased by utilizing the large band gap material in the barriers.
Here we calculate the impact of utilizing a larger band gap barrier material on the at-threshold current injection efficiency of QW ͑ injគQWគatគthreshold ͒ of a InGaAsN single-QW laser, as shown in Fig. 14 at T = 400 K. In contrast to the case for a QW structure with
GaAs barriers, the injគQWគatគth of the QW structures utilizing larger band gap barriers of 1.52 and 1.62 eV are calculated as approximately 45% and 60%, respectively, at T = 400 K.
The reduced temperature sensitivity in injគQWគatគth of the InGaAsN QW structures utilizing larger band gap barrier materials is a result of suppression of thermionic carrier leakage. Suppression of carrier leakage in InGaAsN QW laser, with larger band gap barrier materials, will potentially result in reduced threshold-current density at elevated temperature.
VII. IMPACT OF CARRIER LEAKAGE EFFECT ON LASING CHARACTERISTICS
A. Threshold current density
The existence of large carrier leakage in a QW laser will significantly impact the temperature characteristic of its threshold current density. Carrier leakage is often neglected in the analysis of temperature sensitivity of threshold current density of QW lasers, 2, 20, 45, 46 many times this stems from the misunderstanding of the concept of injគQWគatគth and injគQWគaboveគth .
As shown in Fig. 15 , we calculate the fractional contribution of the carrier leakage effect on the J th for both the 1200 nm InGaAs and 1300 nm InGaAsN QW lasers as a function of temperature. The fractional contribution of the carrier leakage effect on J th is calculated with respect to the calculated J th at temperature of 250 K. The fractional contribution of the carrier leakage follows the relation ⌬J thគcarrierគleakage ͑T͒ / J th ͑T = 250 K͒, with ⌬J thគcarrierគleakage ͑T͒ is defined as J th ͑T = 250 K͒ / injគQWគatគth ͑T͒. As shown in Fig.   15 , the carrier leakage effect in 1300 nm InGaAsN QW lasers contributes to a significant increase in the threshold current, up by 120% and 180% at temperatures of 370 and 400 K, respectively. By contrast, the carrier leakage effect only contributes to an approximately 30% increase in the threshold current of the 1200 nm InGaAs QW lasers at a temperature of 370 K.
It is important to note that carrier leakage in QW lasers is only one part of several contributing factors affecting the temperature sensitivity of the threshold current density. Carrier leakage is often neglected in the analysis of the temperature sensitivity of the threshold current density of QW lasers. 2, 20, 45, 46 The wrong utilization of injគaboveគth in a threshold analysis in QW lasers, instead of injគatគth as shown in Eq.
͑3͒, may also lead to a significant overestimation of the recombination current in the QW. These wrong assumptions can lead to wrong interpretations of results. Neglecting the carrier leakage effect in QW lasers may also lead to a significant overestimation of the Auger recombination rates in the QW, as well as overestimating the temperature sensitivity of the material gain parameter and the internal loss of QW lasers.
The material gain parameter in a QW laser, which suffers from severe carrier leakage, may also be significantly underestimated. The conventional gain parameter utilized in modeling optical gain g oJ follows a semilogarithmic relation as g th = g oJ ln͑ injគatគth J th / J tr ͒. The term injគatគth J th represents the fraction of the total injected current that actually recombines in the QW, at the threshold condition. Neglecting the carrier leakage effect in QW lasers, with severe carrier leakage, may potentially lead to a significant underestimation of the g oJ value. This underestimation of g oJ can result from an analysis that does not take into account the fact that the total recombination current in the QW is not equal to the total injected current.
B. External differential quantum efficiency
As shown above, thermionic carrier leakage in QW lasers will affect both the at-threshold and above-threshold current injection efficiency. The external differential quantum efficiency ͑ d ͒ of a QW laser is linearly proportional to its above-threshold current injection efficiency ͑ injគQWគaboveគth ͒, as shown in Eq. ͑5͒. By suppressing the thermionic carrier leakage out of the QW, a reduction in the temperature sensitivity of the injគQWគaboveគth will result in a temperature-insensitive external differential quantum efficiency.
Here we calculate the injគQWគaboveគth , from Eq. 
VIII. EXPERIMENTAL VERIFICATION OF THE CARRIER LEAKAGE EFFECT
A. Design of experiments and structures
Here we conduct experiments to demonstrate the existence of the temperature-induced carrier leakage in InGaAsN QW lasers. This work shows that carrier leakage in InGaAsN QW cannot be neglected, despite its deep electron confinement. Experiments are designed carefully, in which only the choice of the barriers surrounding an identical InGaAsN QW are modified from the conventional GaAs barriers to higher band gap GaAs 1−x P x barriers, as shown in Fig. 17 and 18 .
By replacing only the choice of the barrier material surrounding the InGaAsN QW directly ͑i.e., sometimes we refer to this as the direct barrier͒, the thermionic escape lifetime of the carriers in the QW will be altered as a consequence of changes in the band offsets ͑⌬E b ͒. In our experiments with larger band gap barriers, we utilize the GaAs 0.85 P 0.15 and GaAs 0.67 P 0.33 barriers surrounding the QW directly. By utilizing the GaAsP direct barriers, significant suppression of the carrier leakage phenomena at elevated temperature is observed, resulting in the realization of InGaAsN QW lasers with low J th and improved T 0 values at elevated temperatures. It is also important to note that the improvement in T 0 values in the InGaAsN-GaAsP laser structure is not a result of an artificial increase in the J th .
The J th of QW lasers can be expressed as a function of device parameters, which include total recombination current in the QW ͑J thគQW ͒ and the current injection efficiency ͑ injគQWគatគth ͒ as follows:
with tems of the SCH region are identical for all structures investigated here. From the fact that the compositions and dimensions of the InGaAsN QW active regions in both experiments are kept identical, the total recombination lifetime in the QW QWគtotal can also be assumed as unchanged. The thermionic carrier escape lifetime ͑ eគe,h for electrons and holes, respectively͒ of the carriers in the QW have been discussed in detail in Secs. IV C and V, following Eq. ͑24͒ and ͑25͒. The simple trend of the expression for thermionic carrier escape rate can be expressed as follows:
with k B as the Boltzmann constant, T as the temperature, N QW as the carrier density in QW, L z as the thickness of QW, and ⌬E bគe,h as the carrier confinement energy in QW ͑for electrons and holes, respectively͒. As the dimension ͑L z ͒ and composition of the InGaAsN QW active region in both experiments are identical, the threshold carrier density in the QW ͑N QWគth ͒ can also be assumed as identical for both lasers with similar confinement and cladding layer designs. The total thermionic carrier escape time of QW ͑ e ͒ can be expressed as functions of the eគelectron and eគholes as 1 / e =1/ eគelectron +1/ eគholes . The escape phenomenon is dominated by the escape rate of the carriers with the fastest escape time. Once the carriers escape, the carriers in the QW and SCH will redistribute themselves to maintain charge neutrality in the QW and SCH due to the high mobility of the carriers. 16, 34 The differences in the e of InGaAsN-GaAs and InGaAsN-GaAsP structures can be attributed solely to the differences in their respective ratios of ⌬E bគe,h / k B T. The ratios of the electron and hole confinement energy ͑⌬E c : ⌬E v , with ⌬E c = ⌬E bគe , ⌬E v = ⌬E bគh ͒ in InGaAsN-GaAs structures is approximately 80:20, 19,20 resulting in extremely strong electron confinement and extremely poor heavy hole confinement. The calculated escape lifetime of the electrons and holes from InGaAsN QW is approximately 30-50 ns and 5 -10 ps, respectively, for near-threshold conditions. 16, 34 By utilizing the large band gap material surrounding the InGaAsN QW, the confinement energy of both the electrons and holes in the QW will be increased. As no studies have been reported on the InGaAsN-GaAsP structures, the ⌬E c : ⌬E v ratio is assumed to be similar to that of the InGaAsN-GaAs case. A slight increase in ⌬E v leads to significant suppression of hole escape rate ͑1/ e ͒ from the InGaAsN-GaAsP QW structures due to its exponential relation ͓from Eq. ͑27͔͒, which will in turn lead to improved inj and J th at elevated temperatures ͓from Eq. ͑14͒ and ͑27͔͒. In the absence of any carrier leakage, by contrast, an increase in ⌬E v will not lead to any reduction in J th at elevated temperatures or any improvement in the T 0 values.
All laser structures studied here, shown in Figs. 17 and 18, were grown by low-pressure MOCVD. The group-V precursors are arsine ͑AsH 3 ͒ and phosphine ͑PH 3 ͒. The group-III precursors are the trimethyl ͑TM͒ sources of Ga, Al, and In. The N precursor is U dimethylhydrazine ͑U-DMHy͒. The dopant sources are SiH 4 and dielthylzinc ͑DEZn͒ for the n and p dopants, respectively. Details of the MOCVD growth of InGaAsN QW materials utilizing GaAs barriers and larger band gap materials of GaAsP have been discussed elsewhere in Refs. 3, 4, and 47.
B. Lasing characteristics of InGaAsN QW lasers
As-cleaved broad area lasers, with oxide-defined stripe width of 100 m, were fabricated for both active regions shown in Figs. 19-22 . The lasing characteristics were measured under pulsed conditions with a pulse width and a duty cycle of 5 s and 1%, respectively. The temperature characterizations of both InGaAsN-GaAsP and InGaAsN-GaAs QWs lasers are performed over the range of 10-100°C. The measurement is conducted for devices with long cavity to minimize the effect from the temperature sensitivity of material gain. 15 The with that of the injគQWគaboveគth in Fig. 16 , which can be explained by their linear relation shown in Eq. ͑5͒. As shown in Fig. 20 Fig. 22 , T 0 values for the InGaAsN QW lasers, with GaAsP barriers for various cavity lengths, also exhibit improved characteristics in comparison to those of InGaAsN-GaAs QW lasers. The improvement in the T 0 values for the QW lasers with larger band gap barriers is a result of significant suppression of thermionic carrier leakage.
As electrons are very well confined in both InGaAsN QW laser structures, the reduction of the J th of the InGaAsN-GaAsP QW structures at elevated temperatures as well as their improved T 0 and T 1 values are results of suppression of heavy hole leakage from the InGaAsN QW due to the lower hole escape rate ͑1/ eគhole ͒. As the temperature increases, the J th of the InGaAsN with GaAsP barriers increases at a significantly slower rate. The suppression of carrier leakage is also evident from the fact that the significantly reduced temperature sensitivity of d in the InGaAsN QW lasers employs larger band gap barrier materials.
From the studies presented here, the existence of carrier leakage in InGaAsN QW lasers has been demonstrated experimentally. Suppression of carrier leakage in InGaAsN QW lasers with larger band gap barrier material of GaAsP leads to a reduction in the J th at elevated temperature, accompanied by the increase in the T 0 and T 1 values. The J th of the InGaAsN QW lasers ͑L cav = 2000 m, as-cleaved͒, with GaAs 0.67 P 0.33 direct barriers, have been measured as only 350 and 400 A / cm 2 , for measurements at temperature of 90 and 100°C, respectively. Suppression of the carrier leakage in InGaAsN QW lasers also results in significant reduction in the temperature sensitivity of the slope efficiency ͑ d ͒ for the structures employing large band gap of GaAsP.
IX. SUMMARY
The analysis of the current injection efficiency here indicates that the at-threshold ͑ injគQWគatគth ͒ and above- threshold ͑ injគQWគaboveគth ͒ current injection efficiency of QW lasers can be very distinct, something which is generally overlooked in the diode laser literature. The threshold current density of QW lasers is controlled by the injection efficiency at threshold, and not by the above-threshold injection efficiency. The severe thermionic carrier leakage from the QW to the barrier region will significantly lead to severe reductions of the below-threshold ͑ injគQWគbelowគth ͒ and at-threshold ͑ injគQWគatគth ͒ current injection efficiency at elevated temperature. Only when carriers in the QW are fully clamped ͑⌬ QW =0͒ and the thermionic carrier escape rate is completely negligible ͑1/ e → 0͒, can the above-threshold and below-threshold current injection efficiency be equal. In contrast to the common understanding, the injគQWគatគth of QW lasers increases as the nonradiative recombination in the QW is increased, attributed to the faster recombination lifetime of the carriers in the QW. The injគQWគatគth of QW lasers with larger nonradiative recombination, have also been shown to be less temperature sensitive, attributed to the reduced QW / e ratio. From our analysis, the below-threshold current injection efficiency of the QW laser is a strong function of the carrier density in QW, temperature, and band offset of the QW barrier region. The method of extracting the injគQWគaboveគth by utilizing the multiple length studies of QW laser devices is valid, as the injគQWគaboveគth is almost constant for the N QW values near threshold ͑N QW ϳ 1-7 ϫ 10 18 cm −3 ͒. Here we demonstrate that it is crucial to take into account the carrier leakage in InGaAsN QW lasers, despite its deep electron confinement. We have also found that the higher temperature sensitivity of the threshold current of 1300 nm InGaAsN QW lasers, compared to the case for 1200 nm InGaAs QW, can be explained from the significantly larger thermionic carrier spillover from the QW to the SCH region, which will in turn lead to the reduction of the at-threshold current injection efficiency of InGaAsN QW lasers and a larger temperature dependence. Just from the fact that the injគQWគatគth of the InGaAsN QW is significantly reduced even at room temperature, the threshold current density of InGaAsN QW lasers is predicted to increase significantly, in agreement with experiment. The thermionic carrier spillover in InGaAsN QW is governed by the poor heavyhole confinement. Design analysis utilizing MQW structures with direct barriers of GaAsP outer barriers and GaAs͑N͒ barriers, should allow reduced temperature sensitivity of the at-threshold current injection efficiency of InGaAsN QW lasers. Experimental evidence of the existence of carrier leakage is obtained by utilizing large band gap barriers of GaAsP to surrounding the InGaAsN QW, which in turn results in a significant suppression of the thermionic carrier escape at elevated temperatures. Aside from the carrier leakage effect, we also find that the higher temperature sensitivity of the material gain parameter in InGaAsN might also be a significant factor in leading to the lower T 0 values observed ͑com-pared with InGaAs͒.
1
ACKNOWLEDGMENT
The authors would like to acknowledge helpful discussion on the topic of current injection efficiency of quantum well lasers with Professor Peter Blood ͑Cardiff University͒, Dr. Peter Smowton ͑Cardiff University͒, Professor Peter S. Zory ͑University of Florida͒, and Professor Dan Botez ͑Uni-versity of Wisconsin-Madison͒. The authors would like to greatly acknowledge contributions from Jeng-Ya Yeh of the University of Wisconsin-Madison on parts of the experimental aspects of the works.
